After a brief presentation of thermodynamics and kinetics of non-reactive wetting, the recent results and theoretical developments concerning the reactive wetting of solids by liquid metals are reviewed. A section is devoted to illustrate and discuss the effect of interfacial reactions in removing the wetting barriers existing on many ceramic and metallic solids.
Introduction
This review concerns the wetting of high temperature solids, mainly ceramics, by liquid metals and alloys. Many metal/ceramic couples are far from equilibrium and the resulting interfacial reactions can strongly modify the chemistry, structure and topography of the contact area .These changes affect both spreading kinetics and the ultimate degree of wetting and those aspects of reactive wetting that can be exploited in practice to control wetting and adhesion are reviewed in this paper.
The paper is organized in three parts. In section 1 the main features of non-reactive wetting of metals on various types of solids are rapidly presented. The main part of the paper (section 2)
is on thermodynamics and kinetics of reactive wetting. After briefly describing the basic aspects of the "Reaction Product Control" model, recent results and developments of this model are given in more detail. In a final section the role of interfacial reactions in the Journal of Materials Science, 2010, 45, 4256-4264 2 removal of wetting barriers existing on many metallic and ceramic solids is illustrated with several examples.
-Non-reactive wetting

Thermodynamics
As a general rule, the interaction energy between a liquid and a solid substrate is quantified by the work of adhesion W a related to the characteristic surface energies σ ij of the solid (S)liquid (L)-vapour (V) system by the Dupré equation: (1) Combining this expression with Young's equation leads to the following fundamental equation of wetting, known as the Young-Dupré equation: (2) This equation shows that the equilibrium contact angle obtained for a given liquid metal on a solid substrate results from the competition of two types of forces: adhesion forces that develop between the liquid and solid phases, expressed by W a (tending to increase the common area thus improving wetting) , and cohesion forces of the liquid taken into account by the surface energy of the liquid acting in the opposite direction (the cohesion energy of the liquid is roughly equal to 2 ). Liquid metals are high cohesion energy liquidsindeed their cohesion energy at melting point represents more than 90% of the cohesion energy of the same metal in the solid state. 
Type of solid Wetting Examples
Solid metals Pb/Fe -40° [29, 31] AgCu/Stainless Steel -10-60° [20] Semi-conductors Sn/Ge -40° [26] Ag/SiC -33-65° [35] Ceramics with a partially metallic character AgCu/Ti 3 SiC 2 -10° [11] θ<<90° Au/ZrB 2 -25° [39] Carbon materials Au/C -119-135° [6] Iono-covalent oxides Cu/Al 2 O 3 , Cu/Si0 2 -120-130° [14] Covalent ceramics Au/AlN -134-138° [27] θ>>90°
Au/BN -135-150° [25] For this reason good wetting is the general rule for liquid metals on solid metals whatever the intensity of interaction between liquid and solid, the interfacial bond being metallic, i.e. strong (see table 1 ). Liquid metals also wet semi-conductors such as Si, Ge or SiC [26, 30, 35] because the cohesion of semi-conductors has a metallic character near the free surface.
Finally, liquid metals also wet ceramics such as carbides, nitrides or borides of transition metals because a significant part of the cohesion of these materials is provided by metallic bonds [11, 39] . Solids that are not wetted by non-reactive liquid metals include the different forms of carbon [6] , iono-covalent oxides and covalent ceramics with a high band gap such as BN or AlN [25, 27] .
It should be emphasized that, even with wettable solids, contact angle values less than 90 ο can be prevented by the presence of wetting barriers on the solid surface. Thus, many of the ceramics with a partially metallic character (such as borides of transition metals), some covalent ceramics (such as SiC and Si 3 N 4 ) and many metallic solids (stainless steels, superalloys, Al containing alloys…) are also easily oxidized and their wettability by nonreactive metals is strongly affected by oxide films that may be very tenacious, especially at low temperatures [11, 31, 33] . De Gennes has developed an analytical approach in which the spreading rate is considered to be limited by the viscous dissipation in the drop bulk leading to n=3 [4] , while Blake's model, which is based on dissipation at atomic level at the triple line, leads to n=2 [1] . Because the viscosity of molten metals is very low, the spreading time (i.e. the time needed for millimetric size droplets to reach capillary equilibrium) is less than 10 -1 s in the case of non-reactive systems with equilibrium contact angle values higher than 20° [26, 30, 37, 43] . A significantly longer spreading time was observed in [21] for a couple with an equilibrium contact angle very close to zero.
-Reactive wetting
In 1996 Landry proposed a model to describe wetting for metal/ceramic systems in which the interfacial reactions lead to the formation of continuous layers of a new compound [22] . According to the model ("reaction product control" model), both the final contact angle and spreading kinetics are governed by the interfacial reaction. Note that in 2000, Saiz et al. [36] suggested that reactive wetting is caused mainly by adsorption, while spreading kinetics is controlled by the migration of a ridge formed at the solid-liquid-vapour triple line. 
2-1 Reactive vs non-reactive wetting
Recently, Bougiouri et al. illustrated the first-order transition, from the point of view of wetting, that is associated with the non-reactive to reactive transition in the case of Ni-Si Journal of Materials Science, 2010, 45, 4256-4264 5 alloys on vitreous carbon (C v ) substrates [2] : when the silicon content in the liquid alloy is below the minimum silicon content needed for SiC formation (35at% at 1200°C), no SiC is indeed formed at the liquid/solid interface and the system is characterized by a high contact angle value (123°). Conversely, when the Si content exceeds the reactivity limit, a thin continuous SiC layer is formed along the whole interface leading to spreading of the liquid alloy. The continuous layer is revealed for example by the triple line receding during cooling after capillary equilibrium is reached (see Fig. 1 ). above. X-ray micro-analysis of area exposed after receding reveals the presence of C and Si only [2] Moreover, the authors compared the work of immersion ( ) obtained with the same Ni-Si alloys either in the reactive case on carbon, or in the nonreactive case on SiC substrates (see Fig. 2 ). It appears clearly that both values, on C and SiC substrates, lie on the same curve. This quantitative agreement clearly indicates that the nonwetting to wetting transition observed between non-reactive and reactive alloys is due to the replacement of vitreous carbon by wettable SiC at the interface. 
Fig. 2: Immersion energy
vs Si activity of NiSi alloys on C v (squares, [2] ) and
on SiC (circles, [34] ). T = 1200 ο . The reactivity limit for the C v substrate is shown by the dotted line.
Spreading kinetics
The spreading time observed for reactive metal/ceramic systems, where a new compound is formed at the interface during spreading, is in the range 10 1 -10 4 s, i.e. several orders of magnitude higher than for non-reactive systems. As a consequence, the spreading rate in reactive systems is not limited by viscous dissipation but by the rate of interfacial reaction at the triple line [22] . In turn, this rate is controlled by the slower of two successive phenomena that take place in the reaction process: diffusive transport of reacting species to or from the triple line and local reaction kinetics at the triple line.
Control by the local reaction at the triple line
In the case of control by the local reaction at the triple line, the rate of reaction and hence the triple line velocity are expected to be constant with time [22] . Since the first experimental evidence obtained for unalloyed aluminium on carbon [22] , constant or nearly constant triple line velocities U have been observed for different systems such as the CuSi/C [7] and NiSi/C [2] systems, for CuSi alloys on oxidized SiC [10] ,for pure Si on oxidized Si 3 N 4 [12] and for Ti-containing Ni-based alloys on AlN [19] . An example is given in Fig. 3 seconds from 160° to 110°, the spreading rate dR/dt continues to decrease but only slightly ("quasilinear spreading") and tends towards a constant value U* when θ tends towards θ N .
The quasilinear spreading proves that the spreading rate is not limited by long-range diffusion of the reactive element (Si) but by the local reaction process at the triple line. At θ=θ N a second wetting stage appears abruptly, accompanied by a net decrease in spreading rate. This stage is discussed later. For the quasilinear stage, a model leading to analytical expressions of contact angle as a function of time, has been developed [7, 8] assuming that, at any time, the instantaneous contact angle θ reflects the local chemistry of the interface at the triple line (referred to hereafter as TL) where the interface is composite, partly of the liquid/initial substrate type and partly of the liquid/reaction product type. Moreover the reaction rate is assumed to be controlled by the dissolution process, i.e., by the process of atom transfer occurring at the substrate/alloy interface.
The following equations describing spreading were derived for the change in contact angle with time t:
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And for the dependence of the spreading rate U on the instantaneous contact angle θ: 
where a Si I is the minimum value of Si activity for SiC formation by reaction between Si in the alloy and solid carbon (a Si I corresponds to the equilibrium of three phases: initial substrate, reaction product and liquid). According to this expression logarithmic plots of cosθ F −cosθ versus time would be linear with a slope equal to minus k. An example is given in figure 4 for Ni-63 at.% Si alloy on vitreous carbon at different temperatures. The experimental data agree with the linearity predictions in a wide domain of theta. The sharp change in the slope of straight lines reflects the high value of the activation energy of the dissolution process (about 250 kJ.mol −1 in this case) [2] . For dissolution reactions controlled by the atomic process at the interface, the kinetic constant k d is in principle sensitive to the crystallographic structure of the initial substrate. This is confirmed by the strong variation in the triple line velocities observed for Cu-50at.% Si on two different types of carbon: vitreous carbon and pseudo-monocrystalline graphite ( Fig. 5 ). As for the influence of the activity of reactive element on spreading kinetics, according to Eq. 6 this would be weak, in agreement with experimental findings [3] . According to Eq. 5, plots of the spreading rate U divided by F(θ) versus the cosine of the instantaneous contact angle would be linear. This was verified by the results of Muolo et al. [24] for the CuAg-5at%Ti alloy on three different substrates, two oxidic (an alumina-zirconia ceramic and zirconia stabilized by yttria) and one metallic (the superalloy Inconel 738).
10 Fig. 3 shows that the spreading rate changes abruptly at a contact angle noted θ N . As discussed in detail elsewhere [5] , this reflects the change in the microscopic configuration at TL. At t<t N (θ>θ N ) direct contact between the liquid and the initial substrate results in a high dissolution rate and in a strong coupling between the local chemical reaction and spreading kinetics. The microstructure of the reaction product in this stage is columnar [3, 7] At t>t N the liquid no longer has direct access to the initial substrate surface and a slow reaction takes place by nucleation and growth of reaction product particles occurring on the substrate free surface in front of TL (see Fig. 6 for schematic description of TL configuration). Direct experimental evidence for this mechanism, which leads to formation of an equiaxial microstructure, was given recently in [3] (see Fig. 7 ). Table 2 
Control by local reaction at the triple line: strong vs weak coupling
Regime θ > θ N θ P < θ < θ N θ = θ P R(t) law
Diffusion-controlled reactive wetting
Diffusion-controlled wetting was modelled by Mortensen et al. in 1997 [23] . According to this model, the rate of isothermal spreading is time-dependent and varies in direct proportion to the instantaneous contact angle θ.:
where D is the diffusion coefficient in the liquid, n v is the number of moles of reactive solute per unit volume of the reaction product, e is the reaction product thickness at the triple line, C 0 is the nominal (far-field) drop reactive solute concentration, C e is the concentration of reactive solute in equilibrium with the reaction product (such that C = C e at the triple line). F(t) is strictly a function of time but in fact varies so little that it can be taken to be constant, remaining close to 0.04 in usual sessile drop experiments [23] .
When compared with experimental results, this relation shows good agreement for systems such as CuSn-Ti/C v [9] , in which the final contact angle is close to zero. However some discrepancies remain in other cases such as Cu-Cr/C v . For this system the intercept of the line giving vs. θ with the θ-axis is not at the origin (θ = 0), but rather at a finite angle close to 40 ο [38] as shown in Fig. 8 . To verify the effect of thickening on the spreading kinetics, numerical calculations of the wetting process by finite element modelling was recently performed in the case of Cu-Cr alloy on C v [16] . Calculations were performed by arbitrarily varying the value of the diffusion coefficient D C of C in chromium carbide. It was found that for very low values of D C the rate of reaction product growth behind the triple line is negligible. The triple line velocity is then simply proportional to the instantaneous contact angle θ, as predicted by Mortensen's analytical model. When D C increases, the curve giving the triple line velocity U as a function of θ remains linear, retaining the same slope, but is shifted so that its intercept with the θ-axis increases progressively. Finally, the experimental data are relatively well predicted for D C equal to 6.10 −15 m 2 s −1 which is a realistic value for this system.
As a conclusion, the simulation yields the following general result: interfacial reactivity manifests itself by the presence of a finite "dead-angle" that must be subtracted from θ in Mortensen's analytical solution, this equation remaining otherwise essentially valid. The physical meaning of the dead angle is presented on Fig. 9 : the flux across the solid angle delimited by the "dead angle" is deviated away from the TL and consumed in thickening of the reaction layer behind the TL. 
-Interfacial reactions vs wetting barriers
Most of the non-oxide ceramics are easily oxidized and the oxide films on their surface act as wetting barriers leading to non-wetting by non-reactive liquid metals. Reactivity at liquid/solid interfaces can remove these wetting barriers thus improving wetting.
Symmetrically, reactivity can also lead to the formation of a reaction product less wetted than the initial substrate, i.e to the formation of a wetting barrier.
An interesting example was given by Frage et al. in the Au-TiC system [15] . The authors showed that pure Au does not wet TiC the contact angle being about 130° a value that is similar to that obtained for Au on carbon substrates (see Table 1 ). Because of the strong interaction between Au and Ti slight dissolution of Ti from the substrate into the liquid occurs. However, as the solubility of C in Au is much smaller than that of Ti, graphite precipitates at the interface leading to a contact angle of 130° which is characteristic of Au on graphite ( Table 1) At low temperatures normal metallic solids are covered by thin oxide films, a few nanometers thick, formed rapidly in contact with air at room temperature. Such oxides, that may be stable even in high vacuum or in low partial pressure of oxygen gas mixtures, are not wetted by liquid metals [14, 20, 31, 32] . Wetting can be strongly improved by reactions where intermetallic compounds are formed, leading to the replacement, in situ, of the oxidized surface by a clean surface of an intermetallic compound [32] (see Fig. 12 ). For this reason, as a general rule, the final degree of wetting in liquid metal/solid metal systems in which intense reactions occur at the interface is much less sensitive to environmental factors than in nonreactive systems. This review does not report on "dissolutive wetting". This is wetting accompanied by dissolution of the solid into the liquid with formation of a macroscopically non-planar solid/liquid interface [14, 40] . Dissolutive wetting is a common process in liquid metal /solid metal systems but it is also relevant in some metal/ceramic systems such as Ni / C [14] , Ni/HfB 2 [28] and AuNi/ZrB 2 [39] . Although recent studies performed with model liquid metal/solid metal couples have contributed significantly to improving our knowledge of dissolutive wetting [21, 30, 40, 41, 42] more work is needed to obtain a satisfactory description of the thermodynamics and kinetics of this type of wetting.
